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ABSTRACT 
 
STREAM WATER AND SOIL WATER CHEMISTRY AFTER THE TABLE 
 MOUNTAIN WILDFIRE, WASHINGTON, USA 
by 
Vincent J Roccanova 
May 2018 
 
 Analyses of major and trace elements, major ions, and nutrient concentrations 
were made to investigate how stream water and soil water chemistry changed over 16 
months following the Table Mountain wildfire. Sites with different burn severity were 
also compared. The fire occurred in 2012 in Kittitas County, north of Ellensburg, 
Washington. Samples were collected at severely burned, moderately burned, and 
unburned field sites from within and adjacent to the wildfire perimeter. Total nitrogen 
concentrations increased in the second year after the fire in both the severely and 
moderately burned sites. In contrast, total phosphorus was variable at all three sites and 
did not increase significantly after the fire. Major elements, trace elements, and major ion 
groups do not show a gradation from severely burned to moderately burned to unburned 
sites. However, both burned sites had soil waters with lower Ca/Mg ratios in the first year 
after the fire. 
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CHAPTER 1 
 
INTRODUCTION 
 
There is a consensus within the scientific community that global climate is 
changing due to carbon emission from human activity exists (Oreskes, 2004). Increases in 
the Earth’s temperature could have impacts on the atmosphere, biosphere, hydrosphere, 
lithosphere, and cryosphere. According to models produced by Scholze, et al. (Scholze et 
al., 2006), a 2° to 3°C increase in global temperatures by 2071, would have an effect on 
global ecosystem’s freshwater supplies and lead to an increase of wildfire frequency. 
These models include an increase in wildfire frequency in the Pacific Northwest of the 
United States. Severe wildfire frequency in the western United States, documented in 
historical records and also determined from tree ring analysis, increased throughout the 
20th century and has continued to increase into the 21st (Grissino-Mayer, 1997). Climate 
change resulting from natural and anthropogenic sources is considered a contributor to 
this increase in wildfire severity (Barrett et al., 1997; Marlon et al., 2012; Westerling et 
al., 2006). Fire suppression techniques used since the early 20th century are also a factor 
in recent increased severe wildfire occurrence as they augment available fuel loads 
(Agee, 1998; Barrett et al., 1997; Clinton and Agee, 2004; Westerling et al., 2006). As 
global climate is becoming steadily warmer and ENSO effects are more drastic (Hessl et 
al., 2004), severe wildfire disturbances will continue to have long-lasting impacts on the 
arid west.  
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Severe fires can also have varying effects on physical properties of soils. 
Hydrophobicity, a tendency to repel water is one such effect, occurring when the top 
layer of soil is baked and hardened through the process of extreme heating, most often 
from wildfire. Soil hydrophobicity can cause other ancillary effects, like increase runoff 
into streams and increases in stream sedimentation from post-fire ash deposits. Other 
effects of wildfire on nutrient transport, soil water chemistry, and stream biology and 
quality are described below. 
Wildfire effects on stream chemistry and soil water chemistry 
Fluvial ecosystems are an important part of the Earth’s biogeochemical cycles as 
they are a primary mode of transporting fresh water and sediments globally and can both 
transport nutrients and flush sediments out of a forest through natural processes. Stream 
water quality is paramount for healthy riparian and forest habitats, including those of 
anadromous fish species that use tributaries of major rivers for spawning in the Pacific 
Northwest.  
Following wildfire, there can be dramatic changes within these nutrient cycles, 
particularly nitrogen and phosphorous (Grier, 1975; Neary et al., 2005; Norman, 2012).  
A number of previous studies have been conducted with regards to water quality and 
nutrients, to determine what effects wildfire can have on streams, snow runoff, soil 
wettability, and riparian habitat (Beche et al., 2005; Boerner, 1982; Doerr et al., 2006; 
Helvey, 1980). In the Colorado Front Range, after the Hayman fire of 2002, measured 
nitrate levels increased by up to 5 times during spring runoff events and measured 
calcium concentrations increased by as much as 50% over a 2-year period (Rhoades et 
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al., 2011). In the Lake Tahoe area, after the Angora wildfire of 2007, which burned 12.5 
km2, Norman (Norman, 2012) found that Angora Creek had elevated levels of nitrogen 
and phosphorus for up to 3 years after the fire (Figures 1a and 1b, respectively).   
 
Figure 1a and 1b. Total nitrogen and total phosphorus in mg/L in Angora Creek, Ca. from 
1995 to 2011. The Angora Creek wildfire occurred in 2007 and is depicted with a blue 
line. Angora Creek showed elevated nitrogen and phosphorus levels until 2010 (Norman, 
2012). 
Chemical weathering of rocks and cation exchange are important processes that 
control groundwater and soil water chemistry. These waters will in turn recharge streams 
and control the chemistry of stream water. The most extensive interchange between 
surface and subsurface water is in an area known as the hyporheic zone, a zone of 
interaction between stream and groundwater (Figure 2). In a region that has been affected 
by wildfire, there are additional inputs to the soil from above because detritus from the 
fires as well as changes to the soil organic matter and its ability to transmit and retain 
water.  Within the unsaturated zone, above the water table, changes to inputs can result in 
soil-water interactions such as cation exchange. 
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Figure 2. Illustration of the hyporheic zone and the interaction of ground water and 
stream water. Figure is modified to include processes associated with wildfires (adapted 
from USGS, 2013). 
 
Cation exchange and pH of soils 
Cation exchange capacity (CEC) is defined as the total capacity of a soil to hold 
exchangeable cations. CEC can influence nutrient availability, soil pH, and soil stability. 
Soils with a high fraction of clay that are rich in organic matter can have very high CEC.  
Clay minerals and organic matter have negatively charged sites on the surface which can 
loosely bind cations such as Ca2+, Mg2+, Na+, K+ and ammonia (NH4+). These loosely 
bound cations can be exchanged with ions in waters that pass through the soil and are 
available as nutrients for plant growth. Cations are found in all soils and can be affected 
differently by fire. Monovalent cations, such as Na and K, are easily mobilized, while 
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divalent ions, like Ca and Mg, are less mobile.  The number and composition of 
monovalent and divalent cations determines base saturation, the number of cations that 
occupy the cation exchange sites, divided by CEC. Base saturation plays an important 
role in controlling the pH of soils (Debano and Krammes, 1966). Multiple studies have 
shown cation concentration increase in soils after wildfires and prescribed burns (Grove, 
1986; Raison et al., 1990; Soto and Diaz-Fierros, 1993). Cations are also not easily 
volatilized and lost in burned areas as a result of their high temperature thresholds. Thus, 
the ash deposited on the soil surface during a wildfire has high concentrations of cations, 
and increases their availability (Neary et al., 2005). NH4 can act differently than other 
cations as a result of its lower temperature threshold. Its availability in soil is a direct 
result of fuel loading and the amount of fuel that has been combusted during the wildfire 
(Neary et al., 2005).   
Soil pH is the measure of the hydrogen ion concentration in the soil at certain 
moisture contents. As with surface waters, soil pH is measured on the scale of 1-14, with 
neutral soils having a pH of 7, acidic soils having a pH less than 7 and basic soils having 
a pH of greater than 7 (Neary et al., 2005). During a fire, the combustion of organic 
matter and the subsequent release of soluble cations tend to increase pH slightly because 
basic cations are released during combustion and deposited on the soil surface (Neary et 
al., 2005). This pH increase can be temporary and is dependent upon the original soil pH, 
the amount of ash released, chemical composition of the ash, and the wetness of the 
climate in which the fire occurred (Wells, 1979).  
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Impact of wildfires on stream habitat 
Stream habitats and ecosystems can also be affected by wildfire. Changes to water 
quality and quantity during or post-wildfire can affect fish and insect mortality by 
directly changing the temperature of the stream or by increasing nutrient concentrations 
leading to eutrophication (Bozek and Young, 1994). In this process, algal blooms occur 
and then die and fall to the bottom of the water column, where they are decomposed. This 
decomposition consumes the oxygen within the stream and the oxygen depletion can be 
harmful to aquatic fauna which live within the stream, especially fish. To characterize the 
water quality degradation following prescribed burn activities, Beche (Beche et al., 2005) 
studied riparian habitats that were subjected to prescribed burning in the Sierra Nevada 
Mountains. In Beche’s study, they found that there were increases in SO4-, total P, Ca2+, 
and Mg2+. These increases, however, were short-term and lasted less than a year.  The 
impacts of wildfire-induced temperature changes on fish populations have been 
documented in the southwestern United States by Rinne (Rinne, 1996), who attributed  
between 70-100% loss in total fish populations in seven streams studied in 2002 and 2003 
to increases in stream temperatures from severe wildfire. This effect is more likely to 
occur in stream systems with shallower holding water that offers less direct protection 
from temperature increases. Groundwater input is also an important factor in stream 
temperature during and after a fire; high groundwater inputs tend to dampen diurnal or 
seasonal variations in water temperature, providing cooler water during the summer fire 
season. Ash and sediment deposited in streams by wildfire can also increase mortality in 
fish populations (Neary et al., 2005). 
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Table Mountain Wildfire 
The Table Mountain wildfire of central Washington (Figure 3) was started by 
multiple lightning strikes that occurred at approximately 8:00 PM on Saturday September 
8th, 2012.  The fire burned for approximately one month and was declared to be 100% 
contained on Friday October 5th, 2012.  Over this period the fire burned a total of 171 
km2 of forest of which 128 km2 is managed by the United States Forest Service; 36 km2 
by the Washington Department of Natural Resources; 6 km2 by the Washington 
Department of Fish and Wildlife; and 1 km2 is private land. The primary sources of fuel 
involved in the wildfire were ponderosa pine, timber litter, grasses, and brush. The terms 
I will be using to describe my field-study areas are: severely burned, moderately burned, 
and unburned. These terms refer to the fire or burn severity of above and belowground 
organic matter consumption from the fire, as described by Keeley (Keeley, 2009).  
Table Mountain has several streams that drain its slopes. Naneum Creek, Reecer 
Creek and Swauk Creek are the 3 larger streams with a network of tributaries on Table 
Mountain. Naneum Creek is the largest and has annual peak flow of approximately 14 
cubic meters per second (500 cfs) with peak historical flows reaching 28 cubic meters per 
second (1000 cfs).  
The bedrock throughout the study areas consists of Grande Ronde Basalt from the 
Columbia River Basalt Group. This unit consists of a fine-grained basalt flow that 
erupted between 15-17 Ma. These basalt layers have been raised and exposed because of 
folding and faulting activity attributed to the Yakima Fold Belt. Vegetation throughout 
the Table Mountain region is dominated by ponderosa pine forest.  
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Figure 3. Table Mountain wildfire location within Kittitas County, Washington State. 
Burn severity classification taken from Keeley (2009). Severely and moderately burned 
field sites are labeled with starts within wildfire perimeter. 
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For my Masters research, I analyzed stream and soil water chemistry for 16 
months following the 2012 Table Mountain wildfire. Major and trace ion concentrations 
were collected from February 2013 until September 2013 and total nitrogen and 
phosphorus samples were collected from February 2013 until June of 2014. The emphasis 
was on overall stream and soil water chemical changes after the wildfire through analysis 
of major ion concentrations, trace elements concentrations, and total nitrogen and total 
phosphorus analysis. The questions that this research addresses are: (1) Following a 
major wildfire, how do major and/or trace concentrations in streams vary with time and 
how are these concentrations affected by severity of burning?  (2) Do stream water 
samples have higher levels of the nutrients nitrogen and phosphorous after the Table 
Mountain fire and how do these levels vary temporally and by severity? The following 
chapters will address these questions with data from samples collected over two field 
seasons and emphasize the broader concept of why studying stream and soil water 
chemistry after wildfire is important as global climate continues to change.  
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CHAPTER 2 
METHODS 
Field Methods 
To analyze stream and soil water chemistry for effects from wildfire, three 
different sites were selected within severely burned, moderately burned, and unburned 
areas. Burn severity generally is classified by assessing several factors, including depth of 
burn and aboveground and belowground organic material loss. Depth of burn relates 
directly to the amount of bare mineral soil exposed to rain-splash, the depth of lethal heat 
penetration, the depth at which a hydrophobic layer will form, the depth at which other 
chemical alterations occur, and the depth to which microbial populations will be affected 
(Neary et al., 2005).  The amount of available fuel left after the fire is another visual 
factor that can be used. Wells and others (Wells, 1979) developed criteria to distinguish 
between these different types of fire severity and defined  them as follows: Low severity 
burn - less than 2 percent of the area is severely burned, less than 15 percent moderately 
burned, and the remainder is burned at low severity or unburned; moderate severity burn 
- less than 10 percent of the area is severely burned, but more than 15 percent is burned 
moderately, and the remainder is burned at low severity or unburned; high severity burn – 
more than 10 percent of the area has spots that are burned at high severity, more than 80 
percent moderately or severely burned, and the remainder is burned at a low severity. 
Another metric used to describe burn severity was developed by Ryan and Noste (1985, 
Table 1). They make the correlation between fire or burn severity, and fire intensity. Fire  
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intensity is the energy release from organic material during the process of combustion 
(Keeley, 2009).  
TABLE 1. Fire severity matrix adapted from Ryan and Noste (Ryan and Noste, 1985). 
 
 
Sampling sites (Table 2) were chosen based on a map produced by the National Wildfire 
Coordinating Group (NWCG) that distinguished areas of severe, moderate, and light burn 
severity (2012). The two burned sample sites for this study are in the Naneum Creek 
watershed which drains the eastern slopes of Table Mountain. The Naneum Creek 
ecosystem is home to many aquatic species, including rainbow, cutthroat and brook trout. 
Owl Creek, a tributary of Naneum Creek, was among the most severely burned areas of 
the fire (Figure 4). The West Fork of Naneum Creek was in an area of moderate burn and 
has similar vegetation and bedrock to the Owl Creek severe burn area. This drainage area 
in the upper Naneum Creek drainage is approximately 20 km2. The third sample site is 
located in the drainage of Cooke Creek, and is located in a canyon directly east of the 
Naneum Creek drainage, in an area that was not subjected to wildfire disturbance. This 
Fire severity Description
Unburned Plant parts green and unaltered, no direct effect from heat 
Scorched Unburned but plants exhibit leaf loss from radiated heat
Light Canopy trees with green needles although stems scorched
Surface litter, mosses, and herbs charred or consumed
Soil organic layer largely intact and charring limited to a few mm of depth
Moderate or severe surface burn Trees with some canopy cover killed, but needles not consumed
All understorey plants charred or consumed
Fine dead twigs on soil surface consumed and logs charred
Pre-fire soil organic layer largely consume
Deep burning or crown fire Canopy trees killed and needles consume
Surface litter of all sizes and soil organic layer largely consumed
White ash deposition and charred organic matter to several cm
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site has the same basalt bedrock as the other two sites and drains an area of 
approximately 25 km2. The proximity to the other sites, lack of wildfire disturbance, and 
similar bedrock type makes this area an optimal control site for comparison of the overall 
effects of the Table Mountain fire on water quality.  
 
 
Figure 4. Severely burned field site at Owl Creek taken approximately 1 year after the 
Table Mountain wildfire. Undergrowth has just started to return. 
 
At the Owl Creek site, soil water samples were drawn from soil 5 meters north of 
the creek. The moderate burn site was adjacent to the WFNC (Figure 5). Soil water 
samples were drawn from soil also 5 meters west of the creek. The unburned sampling 
site is in Cooke Canyon, to the southeast of Table Mountain (Figure 6). The elevation of 
the unburned site is slightly lower than the moderate and unburned sampling sites (Table 
2). The stream water samples were collected from Cooke Creek (Figure 6). Soil water 
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samples were collected 5 meters in the western direction, adjacent to the creek in this 
location. 
Stream water samples were collected every two weeks starting in February of 
2013 and continued until October of 2013. Additional stream samples were collected in 
the spring of 2014 to compare with the previous spring runoff concentrations. Unfiltered 
stream water samples were collected in 200mL polyethylene bottles from the center water 
column of the stream. 
Soil water samples were collected in 50 mL polyethylene bottles using Soil 
Moisture Corporation model 1905 lysimeters. The lysimeters sampled depths of 15, 30, 
and 60 cm. A vacuum of between 60 and 80 centibars was created in the lysimeter using 
a hand-held pump. The lysimeters were left under vacuum for 24-48 hours so moisture 
was drawn from the soil and collected within the lysimeter. When the soils were moist 
enough, water samples were pumped from the lysimeter and placed into 50 mL 
polyethylene bottles. 
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Figure 5. Owl Creek and West Fork Naneum Creek field sites. Burn severity information 
for location is given in Figure 3. 
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Figure 6. Cooke Creek field site in relationship to the Table Mountain wildfire perimeter. 
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TABLE 2. Sample site description. 
 
 
Laboratory Methods 
The stream water and soil water samples were analyzed for major ion, trace 
element, and total P and N concentrations. The samples were refrigerated for between 1 
and 9 months before being analyzed for trace metals depending on collection dates.  
Ion Chromatograph 
Major anion constituents were analyzed in the Chemistry Department at Central 
Washington University using a Dionex DX 500 Ion Chromatograph (IC). This instrument 
was used to analyze concentrations of chloride, sulfate, phosphate and nitrate. Samples 
were placed in autosampler vials with filter caps and injected via autosampler into the IC. 
Analysis took approximately 12 minutes each. The standards used to analyze had 
concentrations of 5, 15, 30, 60, 120, and 200 µeq/L of the corresponding anions. 
Uncertainties for this method typically are less than 10%. Detection limits for each anion 
are: chloride, 0.010 mg/L; sulfate, 0.050 mg/L; phosphate, 0.045 mg/L; and nitrate, 0.045 
mg/L. 
Site Location Elevation (m) Lat/Long Bedrock Vegetation Slope Aspect Burn Severity
Owl Creek 1807
47°15’45.06” N, 
120°34’33.46” W Grande Ronde Basalt
Ponderosa Pine Forest, 
totally burned trees. Slight 
underbrush beginning to 
regrow.
Eastern facing Severe
West Fork Naneum Creek 1644 47°17’40.52” N, 
120°33’47.60” W
Grande Ronde Basalt / 
Quaternary Alluvium
Ponderosa Pine Forest, 
moderately burned trees, 
patchy underbrush
Eastern facing Medium
Cooke Creek 1236
47°09’21.56” N, 
120°22’00.47” W Grande Ronde Basalt
Ponderosa Pine Forest, 
unburned trees, lush 
underbrush 
Eastern facing Unburned
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Inductively Coupled Plasma Optical Emission Spectrometry 
Major and trace element analysis was conducted at Eastern Washington 
University using a Thermo Scientific Inductively Coupled Plasma Optical Emission 
Spectrometer (ICP-OES). Concentrations were determined for 20 elements: aluminum, 
arsenic, barium, calcium, cadmium, chromium, copper, iron, potassium, lithium, 
magnesium, manganese, sodium, phosphorus, lead, rubidium, selenium, silicon, 
strontium and zinc.  Before analysis, samples were filtered and acidified using ultrapure 
nitric acid to 2% concentration. Uncertainties for this method are typically less than 10%. 
Detection limits for this instrument range from 0.1 to 10 ppb, depending on which 
element isotope is being analyzed. 
Total Phosphorus and Total Nitrogen 
Samples were sent to the Marine Chemistry Laboratory at the University of 
Washington to obtain total nitrogen and total phosphorus concentrations. Total nitrogen is 
the sum of nitrate (NO3), nitrite (NO2), organic nitrogen, and ammonia. Total phosphorus 
concentrations were determined by diluting 20 mL of sample with DI water and analyzed 
using a Technicon AAII system, an automated analyzer using continuous flow analysis. 
Detection limits for total phosphorus are less than or equal to 0.0011mg/L (Valderrama, 
1981). Total nitrogen was determined using an Exeter Analytical CE-440 CHN analyzer. 
The 20 mL samples were diluted using DI water. The instrument uses thermal 
conductivity detection to measure total nitrogen, after combustion and reduction. 
Detection limits of this method are typically 0.0062mg/L (Valderrama, 1981). 
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CHAPTER 3 
RESULTS 
Major and Trace Elements, Major Ions, and Nutrients 
 The Table Mountain wildfire stream water and soil water samples geochemical 
results for major and trace elements are presented in parts per billion (ppb) and are 
located in Tables 3a and 3b. Cation and anion concentrations are also presented in ppm 
for the Piper Diagram construction and are located in Table 4. Concentrations for total 
phosphorus total nitrogen are presented in Table 5a and 5b and are presented as 
micrograms/liter (µg/L). 
The Piper diagram, in Figure 7, is a graphical representation of the major cation 
and anion percentages for each sample. Values for the Piper diagram are presented in 
Tables 3 and 4. The dominant anion in all samples is HCO3. The cations have the greatest 
variation in the ratio of calcium to magnesium. The moderately burned soil waters have 
the highest percentages of magnesium, and the stream waters from the severely burned 
area have the highest percentages of calcium. The stream waters and soil waters from the 
unburned area have the largest percentages of the SO42- anion.  
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TABLE 3A. Major and trace metal concentrations of stream water samples. Blank spaces indicate that the sample exceeded the 
limit of detection for the instrument, and BDL indicates that the sample was below the detection limit of the instrument. 
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TABLE 3B. Major and trace metal concentrations of soil water samples. Blank spaces indicate that the sample exceeded the 
limit of detection for the instrument, and BDL indicates that the sample was below the detection limit of the instrument. 
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TABLE 4.  Major Anions. BDL indicates sample was below detection limit for instrument. * indicates an average of two 
samples. 
 
 
 
 
 
 
 
 
 
 
 
 
Sample # Site 
Sample 
Type 
Date 
Sampled 
Chloride Nitrate Sulfate Phosphate 
Bicarbonate + 
Carbonate 
uequiv/L uequiv/L uequiv/L uequiv/L uequiv/L** 
21704 moderate stream 2/17/13 12.7 7.2 22.3 bdl 670 
21708 severe stream 2/17/13 11.4 4.3 18.0 2.6   
21709 moderate stream 2/17/13 9.8 2.2 17.7 2.6 719 
41103* severe stream 4/11/13 16.9 1.6 45.1 bdl 733 
41104 severe stream 4/11/13 17.6 1.7 44.5 bdl 746 
50201 moderate  stream 5/2/13 21.5 7.2 72.8 1.9   
50202* moderate stream 5/2/13 20.6 0.4 68.6 bdl 1394 
61102 moderate stream 6/11/13 18.3 1.6 45.7 bdl 988 
61501 moderate stream 6/15/13 14.0 1.6 bdl 21.5 440 
61801* unburned stream 6/18/13 14.6 bdl bdl 18.9 501 
62701 severe stream 6/27/13 14.3 4.4 bdl 17.4 453 
62702 severe stream 6/27/13 12.9 bdl bdl 16.9   
71106* moderate soil 12" 7/11/13 47.0 bdl bdl 31.8   
71109 moderate stream 7/11/13 13.0 bdl bdl 14.9 583 
71603 severe soil 12" 7/16/13 77.7 31.0 66.3 bdl   
71604 severe soil 7/16/13 189.8 bdl 137.8 bdl   
71605 moderate soil 12" 7/16/13 74.0 bdl 75.9 bdl 960 
71606 moderate  soil 7/16/13 81.4 bdl 37.6 bdl   
72803* severe soil 7/28/13 133.5 1.1 64.2 1.2   
72804 severe soil 7/28/13 170.3 bdl 92.7 bdl   
72805 severe soil 7/28/13 138.4 bdl 61.9 bdl   
72806* moderate soil 7/28/13 121.0 bdl 32.7 bdl   
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TABLE 4.  Major Anions. BDL indicates sample was below detection limit for instrument. * indicates an average of two 
samples. 
Sample # Site 
Sample 
Type 
Date 
Sampled 
Chloride Nitrate Sulfate Phosphate 
Bicarbonate 
+ 
Carbonate 
uequiv/L uequiv/L uequiv/L uequiv/L uequiv/L** 
72807 moderate soil 24" 7/28/13 49.3 bdl 46.7 bdl   
80501 severe soil 8/5/13 88.4 bdl 77.8 bdl   
80502* severe soil 8/5/13 64.4 bdl 61.7 bdl   
80503 severe soil 24" 8/5/13 50.1 bdl 49.4 bdl 765 
80504 severe soil 8/5/13 96.9 1135.0 69.5 bdl   
80511 severe stream 8/5/13 11.3 9.6 2.4 9.1 912 
80513* unburned stream 8/5/13 9.6 8.4 bdl 10.1   
80515 unburned stream 8/5/13 11.1 bdl bdl 8.0   
80801* unburned soil 8/8/13 120.9 bdl 35.7 bdl   
80802 unburned soil 12" 8/8/13 109.6 0.6 35.8 bdl   
80803 unburned soil 8/8/13 166.0 0.6 43.0 bdl   
80804* unburned  soil 12" 8/8/13 96.5 1.7 59.0 bdl   
81201 unburned stream 8/12/13 12.9 2.6 bdl 12.7   
81401 severe soil 8/14/13 234.2 1550.9 141.0 bdl   
81402 severe soil 24" 8/14/13 26.4 44.1 55.5 bdl 1169 
81403* severe stream 8/14/13 183.9 0.5 80.5 3.5   
81404 severe soil 8/14/13 157.3 1329.9 98.9 bdl   
81405 severe soil 8/14/13 206.6 5311.7 479.1 bdl   
81406* severe stream 8/14/13 173.4 28.8 52.3 bdl   
81407 moderate stream 8/14/13 51.2 bdl 52.6 9.3   
81408 moderate soil 24" 8/14/13 75.0 bdl 46.5 bdl 1165 
81409* moderate soil 12" 8/14/13 97.7 bdl 69.9 1.1 1247 
81410 moderate soil 8/14/13 363.5 4.2 125.6 6.5   
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TABLE 4.  Major Anions. BDL indicates sample was below detection limit for instrument. * indicates an average of two 
samples. 
 
 
 
 
 
 
 
 
 
 
 
Sample # Site 
Sample 
Type 
Date 
Sampled 
Chloride Nitrate Sulfate Phosphate 
Bicarbonate 
+ 
Carbonate 
uequiv/L uequiv/L uequiv/L uequiv/L uequiv/L** 
82801  moderate soil 8/28/13 141.2 bdl 225.8 bdl   
82802 unburned soil 12" 8/28/13 66.4 220.0 63.4 bdl 1512 
82803 unburned soil 12" 8/28/13 - 7.5 42.3 bdl 1401 
82804 unburned  soil 8/28/13 - bdl 63.7 4.5   
82807* severe soil 12" 8/28/13 - 179.8 85.0 1.6 925 
82808 unburned  soil 8/28/13 - 17.2 131.2 3.6   
82809 severe soil 24" 8/28/13 - 156.3 53.1 bdl 1397 
82805* moderate stream 8/28/13 9.5 3.5 0.8 15.9 1008 
82811 severe soil 12" 8/28/13 9.9 1.5 1.1 6.5 497 
83001* unburned stream 8/30/13 - bdl 89.2 bdl   
83002 unburned stream 8/30/13 - 2.0 93.6 bdl   
83003 severe soil 24" 8/30/13 - bdl 61.3 bdl   
90201* severe stream 9/2/13 - bdl 67.1 bdl   
90202 severe stream 9/2/13 - 62.0 131.9 bdl   
90200 moderate stream 9/2/13 12.7 2.7 bdl 16.9   
90203 moderate stream 9/9/13 - bdl 66.4 bdl   
92701* unburned stream 9/27/13 - 2.5 135.9 bdl   
92702 unburned stream 9/27/13 - 0.6 131.5 bdl   
92704 moderate stream 9/27/13 - 4.5 60.9 bdl 953 
92705* severe soil 24" 9/27/13 - 631.4 140.3 bdl   
92706 moderate soil 6" 9/27/13 105.9 bdl 55.3 bdl   
92707 moderate soil 9/27/13 94.6 128.3 76.2 bdl   
92708* unburned soil 12" 9/27/13 9.8 3.3 bdl 8.5 502 
92709 severe stream 9/27/13 16.5 0.8 bdl 13.0 550 
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Figure 7: Piper Diagram illustrating the four hydrochemical cation and anion groups in 
stream (triangles) and soil water (circles) samples for unburned (green), moderately 
burned (yellow) and severely burned (red) sites.  
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TABLE 5A. Total Phosphorus and Total Nitrogen concentrations (µg/L) in stream waters 
at unburned and moderately burned sites. 
 
 
 
 
Sample Name Sample Site Date Sampled TP (µg/l) TN (µg/l) 
20112 Unburned 2/1/13 22.9 71 
41104 Unburned 4/11/13 26.9 152 
61801 Unburned 6/18/01 19.9 123 
71109 Unburned 7/11/13 23.7 104 
80512 Unburned 8/5/13 25.0 129 
80513 Unburned 8/5/13 17.0 232 
80514 Unburned 8/5/13 33.6 488 
82811 Unburned 8/28/13 31.2 94 
41304-14 Unburned 4/13/14 32.9 224 
41303-14 Unburned 4/13/14 34.9 210 
61003-14 Unburned 6/10/14 40.4 165 
61004-14 Unburned 6/10/14 51.1 308 
21704 Moderate 2/17/13 26.2 127 
21705 Moderate 2/17/13 40.0 104 
21709 Moderate 2/17/13 52.5 117 
41103 Moderate 4/11/13 27.5 148 
50203 Moderate 5/2/13 5.6 108 
61102 Moderate 6/11/13 10.4 176 
61501 Moderate 6/15/13 11.3 137 
62702 Moderate 6/27/13 19.2 120 
71110 Moderate 7/11/13 16.0 135 
71111 Moderate 7/11/13 30.5 118 
71113 Moderate 7/11/13 21.8 134 
71114 Moderate 7/11/13 35.2 115 
81201 Moderate 8/12/13 20.4 135 
82805 Moderate 8/28/13 30.2 126 
92708 Moderate 9/27/13 21.7 114 
41301-14 Moderate 4/13/14 33.5 850 
61001-14 Moderate 6/10/14 16.4 560 
61002-14 Moderate 6/10/14 8.9 485 
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TABLE 5B. Total Phosphorus and Total Nitrogen concentrations (µg/L) in stream waters 
at unburned and moderately burned sites. 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Name Sample Site Date Sampled TP (µg/l) TN (µg/l) 
21601 Severe 2/16/13 17.8 141 
21707 Severe 2/17/13 30.4 80 
21708 Severe 2/17/13 42.8 111 
41101 Severe 4/11/13 21.9 163 
41102 Severe 4/11/13 14.2 164 
50213 Severe 5/2/13 14.2 157 
62701 Severe 6/27/13 12.9 210 
71105 Severe 7/11/13 16.7 219 
80511 Severe 8/5/13 48.3 245 
80515 Severe 8/5/13 40.6 110 
90200 Severe 9/2/13 26.8 150 
92709 Severe 9/27/13 19.0 117 
41302-14 Severe 4/13/14 49.1 1005 
60901-14 Severe 6/9/14 23.7 530 
60902-14 Severe 6/9/14 42.4 689 
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CHAPTER 4 
DISCUSSION 
Total nitrogen and total phosphorus concentrations 
Nitrogen and phosphorus are two very important nutrients in aquatic ecosystems 
whose abundance and availability can have significant effects on stream ecology, causing 
changes to species population distributions and abundances, and altering available 
oxygen within streams. Nitrogen is a limiting nutrient in wildland ecosystems as it is the 
only nutrient that is not supplied to the soil by chemical weathering of parent rock 
material and has to be added to the system through fixation of atmospheric nitrogen 
(Neary et al., 2005). NH4 and NO3 are the two most abundant forms of available N in 
soil. These nitrogen compounds can behave differently post wildfire. NH4 that is 
volatilized is lost into the atmosphere, but significant amounts can move downward and 
condense in the mineral soil as exchangeable inorganic nitrogen, and ash from wildfire 
can also have significant levels of NH4 (Kovacic et al., 1986). Post wildfire NO3 in soil is 
generally low but can increase rapidly due to nitrification of NH4 and can remain elevated 
for years following a fire (Neary et al., 2005). There can also be an increase in NO3 in 
streams after wildfires as a result of decreased demand from plants (Vitousek et al., 
1979). A higher availability of these two nutrients can cause algal blooms in streams and 
result in eutrophication. Norman (Norman, 2012) has shown that there can be a much 
higher increase in total nitrogen and total phosphorus concentrations in the second year 
after a fire than the first year. As described below, this seems to be true in my study area 
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for concentrations of total nitrogen, while total phosphorus concentrations do not follow 
this trend. 
Total Nitrogen 
Total nitrogen (TN) concentrations in streams within the study area have similar 
trends to those observed by Norman (Norman, 2012), with unaltered, background-level 
concentrations around 50-200 µg/L in the first year, and elevated concentrations as high 
as ≈1000 µg/L beginning in the spring snowmelt season of the second year in the burned 
sites. Spring runoff events, which take place in April, can have differing effects on 
nutrient concentration. Increases in water can have the effect of lowering concentrations 
if snowmelt has lower nitrogen concentrations and thus dilutes the stream water. If, 
however, there is more overland flow involved, which can occur after wildfires, then 
there is the chance to increase nutrient concentrations even though there is also an 
increase in water. This would happen during initial runoff, where overland flow can scour 
the soil of loose sediments, including dust and ash that is nutrient rich from biomass 
burning (Neary et al., 2005). TN concentrations in the unburned study area at Cooke 
Creek are variable throughout 2013 (Figure 8). Peak TN concentration recorded during 
the study occurred during August of 2013. 2014 shows a slight overall increase in TN 
compared to 2013, however it is not significant. The peak in August at the unburned site 
could be a result of increasing nutrient concentration available in the stream. With the 
combination of less precipitation and less baseflow occurring in the late summer 
compared to the spring runoff, the late summer samples would be less diluted than the 
spring runoff samples. However, the high TN concentration sample in August peak of TN 
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is one of three samples from that time that were measured. The other two samples are 
within the typical range. 
 
Figure 8. Total nitrogen (TN) concentration in ìg/L in stream samples. TN in 2013 
showed little variance but peaked in the unburned site in August. The highest 
concentrations were seen in the severely and moderately burned sites in the spring and 
summer of 2014. Green = unburned site, yellow = moderately burned site, red = severely 
burned site. 
 
TN in the West Fork of Naneum Creek peaks in April of 2014, during the spring 
runoff and continued to be elevate until June. These concentrations were much higher 
than the observed concentrations of the previous year, and higher than all of the samples 
taken at Cooke Creek, with the exception of the August peak of 2013. There is also no 
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significant increase or decrease in TN concentrations over 2013. The 2013 peak occurs in 
June, which could be the result of the tail end of the spring runoff when stream 
discharges are still higher than normal discharge averages. At the severely burned study 
site at Owl Creek, TN concentrations increased slightly throughout the spring and 
summer, but the 2013 peak was later than in the WFNC. TN concentrations also peaked 
in the spring of 2014, as observed in WFNC site. The April 2014 runoff event in Owl 
Creek had the highest TN concentrations observed during the study. This is consistent 
with the findings of the Angora Creek fire in 2007 (Norman, 2012) where there was 
significant increase in nutrients to the system two years after the fire. We hypothesize 
that this increase is due to reduced uptake by plants at the burned sites in the year 
following the fire. This results in an increase in soil water nitrogen which takes 
approximately one year to move to the streams. 
 
Total Phosphorus 
Total phosphorus (TP) has been closely related to TN as a major nutrient that can 
increase in streams as a result of wildfire activity. TP however is not as readily available 
after wildfire because it tends to form chemical complexes in soils more readily than 
nitrogen. In the Angora Creek fire of 2007, increases in both TP and TN were observed in 
the two years after the fire. In that study, both TP and TN showed significant changes in 
the first year following the fire, with the highest concentrations coming two years after 
the fire occurred. This trend is not observed with the TP data collected from the Table 
Mountain wildfire. TP concentrations fluctuate between 5 and 55 µg/L with the highest 
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TP concentrations observed occurred at the unburned sampling site, Cooke Creek, in the 
summer of 2014 (Figure 9) and at moderately burned sampling site, WFNC, in February 
of 2013. There is a fluctuation in TP concentration throughout 2013 in the unburned 
sampling site, with a peak in concentration occurring in August. There is Also a summer 
peak in the moderately burned site, which occurs a  
 
Figure 9. Total phosphorus (TP) concentration in µg/L. There was no correlation or 
gradation between field sites in TP concentration throughout the length of the study. 
 
little earlier than the unburned site, in July. This peak is also seen in the severely burned 
site at Owl Creek which has a TP concentration peak observed during mid-summer. The 
February 2013 peak at WFNC is the highest observed TP concentration. Stream flows 
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were at a minimum and there was a significant snow cover during this time. TP 
concentrations throughout the rest of 2013 and into 2014 seem to fluctuate and there does 
not seem to be a correlation between TP concentration increase in the moderately burned 
site and the unburned site. Owl Creek also has several peaks throughout the sampling 
periods of 2013 and 2014: in February, 2013, a mid-summer peak in August, and in 
spring of 2014. Overall there are no clear trends in TP at any site. TP can be difficult to 
quantify after wildfire and there is no correlation between burn severity and TP 
concentrations. Hauer and Spencer (1998) observed that TP concentrations can spike in 
the days following wildfire and came back down to background levels within several 
days following the wildfire. Norman (2012) observed that TP increased steadily 
throughout the year following the Angora Creek fire and peaked in the second year 
before declining to background levels. Longstreth and Patten (1975) observed that TP 
either did not increase or only increased slightly after prescribed burning. It is possible 
that in our study a pulse in TP in streams at burned sites occurred following the fire, but it 
was not captured in the sampling period, either occurring before sampling in a short pulse 
during the first snowmelt after the fire or later in the second year following the fire. 
 
Controls on Stream and Soil Water Chemistry at Burned and Unburned Sites 
 To better understand the chemical weathering process in or near the hyporheic 
zone that might be controlling stream water chemistry within each sampling area, the 
Piper diagram is useful for comparing relative proportions of major ions. The major 
cation triangle of the Piper diagram (Figure 10) shows that the soil waters become 
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progressively more enriched in Mg from the unburned, to the severely burned, to the 
moderately burned site. The major ion signature of the severely burned stream waters is 
constant over time with ≈50% Ca, ≈30% Mg and ≈20% Na + K. Soil waters and one 
stream water from the moderately burned site have higher in Na + K. The moderately 
burned stream waters show the highest percentages of calcium. There are several 
possibilities to why this might occur. First, cation exchange processes in soil waters that 
have been moderately burned could preferentially be selecting magnesium cations at 
exchange sites as a result of the burning process. 
 
 
Figure 10. Major cation constituent percentages in stream (triangles) and soil water 
(circles) samples. Green = unburned site, yellow = moderately burned site, red = severely 
burned site. 
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Neary et al. (Neary et al., 2005) reported that a decrease in exchangeable K and Mg can 
occur in medium severity burns, along with an increase in soil pH.  More magnesium 
cations in soil exchange sites as a result of the burning process could result in higher 
calcium to magnesium ratios in the moderately burned stream site than is seen in an 
unburned area.  A second possibility for this result could be that at the moderately burned 
site, there was an abundance of chard material that was higher in magnesium cations than 
the other sites. Typically forest biomass has calcium to magnesium ratio of 5/2 (Berner 
and Berner, 1987). A higher amount of magnesium held in biomass could play a role in 
higher magnesium concentrations within soil waters. A third possibility is that different 
chemical compositions of precipitation have influenced soil water chemistry. This seems 
unlikely however because rain water is much more dilute than soil water and similar 
patterns are not seen at all sites. 
 The Piper diagram depicts percentages of major ions, but does not show 
concentrations. X-y plots of major element concentrations add information regarding the 
processes that control these concentrations and the resulting major ion ratios. Mg and Ca 
occupy similar exchange sites and have a similar dilution process during runoff events 
(Poorter et al., 2016). A plot of  Mg versus Ca concentration (Figure 11) reveals that 
stream waters, with the exception of two stream waters from the moderately burned site, 
tend to fall along a line indicating a similar Ca/Mg ratio. In contrast, soil water Ca/Mg 
ratios are more variable; soil waters have overall higher Mg concentrations than stream 
waters but that soil waters at burned sites have lower Ca concentrations than most other 
samples. Thus, the lower Ca/Mg ratio of these samples, which is observed on the Piper 
diagram, is due to lower Ca relative to unburned sites, rather than higher Mg. This is 
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unlikely to be due to addition of ions from charred material as that would be expected to 
increase concentrations. More likely, changes in pH and chemistry of soils have 
decreased the availability of exchangeable Ca. Another way to observe this is by plotting 
Ca and Mg concentrations in streams over time (Figures 12).  
 
 
 
Figure 11. Mg/Ca ratios in stream and soil waters in unburned, moderately, and severely 
burned sites.  
 
Calcium concentrations in streams stay consistent throughout 2013 in stream water 
samples, with the highest concentration for Ca at the moderately burned site at the 
beginning of the spring runoff. Mg concentrations were the highest after peak runoff, in 
the later part of the year, with the exception of one moderately burned stream sample. 
Overall, both Ca and Mg do not display systematic variations that correlate with 
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streamflow. This suggests there is not significant dilution from either snowmelt or 
precipitation and thus streamflow is dominated by groundwater inputs throughout the 
year. 
 
Figure 12. Ca and Mg versus time in stream water samples. At the bottom of the figure is 
a hydrograph of Naneum Creek, showing average discharge in CFS throughout the year.  
 
Finally, looking at Ca/Mg ratios over time can also show how these ratios vary 
throughout the year. Ca/Mg ratios in stream waters (Figure 13) are highest in the 
moderately burned site in February of 2013, and generally decreasing at all sites 
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throughout the year. The baseline Ca/Mg ratio for stream waters appears to be 
approximately 2.5 - 3.0, possibly higher at the unburned site. 
 
Figure 13. Ca/Mg ratios versus time in steam water samples at severely, moderately, and 
unburned sampling sites. 
 
 In soil water samples, collection didn’t occur until after the peak runoff of 2013. 
Ca concentrations were highest in unburned soils for Ca in late summer, and lowest in the 
early fall (Figure 14). This was also reflected it Mg concentrations. The low Ca 
concentrations of some burned soils occurs in late summer and early fall. Ca 
concentrations increased in the moderately burned site from summer into fall. There was 
little to no gradation temporally in the severely burned soil waters throughout the study.  
   38 
 
Figure 14. Ca and Mg versus time in soil water samples. At the bottom of the figure is a 
hydrograph of Naneum Creek, showing average discharge in CFS throughout the year. 
 
This is also reflected in Ca/Mg ratios of soil waters that are plotted versus time (Figure 
15). Soil waters become progressively more Mg rich from unburned, to severely burned, 
to moderately burned sites, as previously stated. The Ca/Mg ratios of soils in the fall of 
2013 are 2.0 - 3.0, approaching the baseline value observed for streams. This suggests 
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that the changes to the Ca/Mg ratios that are observed in the burned sites are either 
seasonal or are diminishing a year after the fire. 
 
Figure 15. Ca/Mg ratios versus time in soil water samples at severely, moderately, and 
unburned sampling sites. 
 
A plot of Na versus Ca concentrations (Figure 16) also displays a linear 
relationship for most stream water samples. Some soil waters fall along this line, but most 
have higher Na concentrations.  
K and Si also can be correlated because both are derived from silicate weathering. 
There is a rough trend that can be seen in comparing these two elements, however the 
moderate burn site waters, a water from the unburned site and some of the severe burn 
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site soil waters do not follow this trend (Figure 17). There are also some weak 
correlations seen in Na and K ratios in the unburned soil and stream waters, as well as in 
the stream waters (Figure 18). The stream waters from the moderately burned site tend to 
fall outside of this trend, as well as the severely burned soil waters. 
 
Figure 16. Na/Ca ratios in stream and soil waters in unburned, moderately burned, and 
severely burned sites. 
 
In general, in all of these plots, there is not a gradation in chemistry of waters 
from unburned to moderately burned to severely burned. Chemistry of stream and soil 
waters at the moderately burned site seem to be the most disturbed by the fire and these 
changes are most pronounced before fall 2013. Again, this suggests that the presence of 
charred material is not a dominant control on soil water and stream water chemistry. 
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Figure 17. Si/K ratios in stream and soil waters in unburned, moderately burned and 
severely burned sites. 
 
Another notable difference between the sites is observed in the soil water 
chemistry. Fe shows very high concentrations in the in the moderate burned site (Table 
2b). The sample that was taken at the 24” depth in August of 2013 is 32 times higher in 
concentration than the sample taken at the 12” depth. This is also reflected in July, where 
the 24” depth is between 2.5 to 70 times higher concentration than the 12” depth. Iron 
oxide weathering or a change in redox potential in soil water, or a combination of these 
two processes may contribute to higher Fe concentrations. Fe II is much more soluble 
than Fe III and a change in redox conditions could increase soluble Fe in soil water. The 
moderately burned site is the one site with significant alluvial deposits, which may be the 
source of iron oxides. 
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Figure 18. Na/K ratios in stream and soil waters in unburned, moderately burned and 
severely burned sites. 
 
CHAPTER 5 
CONCLUSIONS 
  
 The Table Mountain wildfire which occurred in the fall of 2012, was started as 
the result of several lightning strikes that ignited smaller fires which grew together to 
form a massive fire complex. The fire severity varied throughout the fire complex as did 
stream and soil water responses to the severity. Stream and soil water chemistry were 
analyzed and compared for three sites: 1) Owl Creek was located in the heart of the 
severely burned area of the fire. This area had little to no tree cover and a top layer of soil 
that was exposed to the elements and greater surficial runoff. 2) On the West Fork of 
Naneum Creek, the moderately burned area of the fire, canopy cover is still present, but 
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significant amounts of burned material and ash deposits remained that could affect the 
local ecosystem. 3) In the adjacent canyon, Cooke Creek was an undisturbed and 
unburned forest and stream ecosystem.  
 Total nitrogen concentrations in the first year after the study were similar in 
several, moderately, and unburned sites. One sample collected at the unburned site had 
the highest single concentration of nitrogen following the fire in 2013, higher than both 
the moderately and severely burned areas within the wildfire perimeter. The spring runoff 
of 2014 however showed a distinct rise in nitrogen concentrations in both the moderate 
and severe burn areas. This result is consistent with previous studies and reports that 
show a rise in total nitrogen two years after a fire and is thought to be the result of 
reduced uptake of nitrogen by plants at burned sites after the fire. Although there was a 
distinct rise in total nitrogen in the second year following the wildfire at burned sites, the 
rise in concentration was most likely not enough to cause long term effects to the stream 
ecosystem. The results for total phosphorus did not show gradation between severe, 
moderate, and unburned sites. TP concentrations were variable and low at all sites. The 
different behavior between TN and TP are likely due to differences in mobility of the two 
elements, with phosphorus more likely to form complexes in soils. Alternatively, any 
pulse in TP in streams at burned sites following the fire may not have been captured in 
the sampling period, either occurring before sampling in a short pulse during the first 
snowmelt after the fire or later in the second year following the fire. 
 Both the moderately burned and severely burned sites have variations in Ca/Mg 
ratios relative to the unburned site. These variations are most pronounced at the 
   44 
moderately burned site, where Ca concentrations in soil waters are lower in late summer 
resulting in lower Ca/Mg ratios and some stream waters in the spring have higher Ca/Mg 
ratios. Although there are chemical differences between the burned sites and the 
unburned sites, there is not a gradation in chemistry from the unburned site to the 
moderately burned site to the severely burned site suggesting that burn severity is not the 
main control on this chemistry. High Fe concentrations in soil water at the moderately 
burned site suggest that variable redox chemistry may be another control that is more 
dependent on local geology than on burn severity. The moderately burned site is the one 
site with significant alluvial deposits, which may affect cation availability and exchange. 
  In the future there are several interesting chemical and environmental effects that 
could be studied as a result of the Table Mountain wildfire. A better understanding of the 
relationship between N and P could be achieved by measuring the different species, such 
as NH4 vs. NO3 in water and soils. If a wildfire occurs in the Cooke Creek watershed in 
the future, the data from Cooke Creek could provide an insight into pre-wildfire 
concentrations for TN and TP, as well as major and trace element concentrations. Cation 
exchange in soils could also be studied with soil leaching experiments and by measuring 
soil pH. Soil erosion levels and changes to stream and hillslope geomorphology would 
also be beneficial to see if wildfire effects can be attributed to both increases in soil 
erosion and to hillslope failures in the future. 
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